The performance of five different bat designs, from different eras spanning from 1905 to 2013, was assessed to address the question whether the changes in bat design over the years have resulted in a performance advantage to the batsman. Moment of inertia and 'freely suspended' vibration analysis tests were conducted, as these physical properties have been directly associated with rebound characteristics of the bats. Results showed that changes in the blade's profile such as distribution of the blade's weight along the edges and closer to the toe have resulted in a clear performance advantage of the newest bats in comparison with older designs. These results add to the weight of evidence in cricket that the game has changed to the benefit of the batsman and additional changes to bat design are conceivable as modern engineering tools are applied to further optimise performance.
Introduction
In recent years, the performance of batting has changed, with players scoring more runs than the batsmen of early days. 1 The reasons for this are multifactorial and include the ability of test cricket players to play in other conditions more regularly and to face top-level bowlers more often through, for example, the emergence of Twenty20. 1 In addition, changes in training, the introduction of new bat designs, smaller boundaries and changes in 1-day international playing conditions have also greatly influenced player performance. 2 Limitations to the width of the cricket bat have been enshrined since cricket's early days, although there has never been a restriction on the weight of a bat. A committee of the Hambledon Club established the maximum permissible width of the cricket bat to be 4¼ in (108 mm) in 1771. This was ratified at the 'Star and Garter', London, by a committee of noblemen in 1774, including limiting the length to a maximum of 38 in (965.2 mm), although other parameters regarding shape and style were not constrained. However, the majority of cricketers used a long bat, curved at the bottom. 3 In the middle of the 20th century, a typical bat would weigh between 34 and 36 ounces (0.96-1.08 kg). Nowadays, bats of 40-44 ounces (1.13-1.24 kg) are widely available, and even bats heavier than 48 ounces (1.36 kg) are not uncommon. 4 Recent attempts to improve bat performance through material changes in the handle and blade 4, 5 have resulted in further tightening of the Laws. The focus of this article is the geometric design of the blade as this is an area that remains ripe for technological advances. The first real attempt to improve the bat's performance through geometrical changes began in the 1960s and was focused on improving the blade's perimeter weighting by redistributing the weight of the blade to the edges. This was achieved by introducing one or more scallops in the back of the blade. Although intuitively this will provide an enhancement, evidence to support these hypothesised performance improvements is hard to find.
hands is minimal, resulting in low reaction force at the hands. 6, 7 An increase in the sweet spot will, therefore, confer a performance advantage and over recent decades bat manufacturers have sought to improve bat performance by increasing the bat's sweet spot through blade design. [8] [9] [10] The sweet spot -the region of low vibrational energy absorption -can be analysed in terms of experimental modal analysis. In modal analysis, a mode shape is a pattern of motion in which a structure vibrates at a certain frequency thus indicating the excitation level. A vibration mode is the point at which there is no vibration of the bat. Nodal point positions are regions on the bat where little or no energy is absorbed and, hence, the lower frequency vibrations are not excited. 6, 7 This results in high-frequency vibrations with small magnitudes being observed, taking place over the dwell time, where the dwell time of an impact is the length of time for which the ball is in contact with the bat. During the dwell time the oscillation returns to the neutral position resulting in transfer of energy back into the ball and, hence, reducing the energy absorbed at high frequencies. 9 Therefore, this defines the sweet spot of a bat. Second, the bat's moment of inertia (MoI) is a measure of the 'pick-up weight' of the bat. This determines the amount of effort required by the batsman to not only swing but also control the bat during the swing 6, 10 and is equivalent to the 'swing weight' of a tennis racquet. 11 A study by Smith and Singh 12 showed that by keeping constant bat-ball coefficient of restitution (CoR), a 4.5% increase in MoI could increase bat performance by 0.85%. MoI has also been directly correlated with the CoR (the ratio of the difference of the bat's and the ball's velocities after the collision to that before the collision) of a bat. 5, 11, 13 An increase in MoI results in an increase in CoR and hence an increase in ball velocity. 12 The swing speed of the bat increases non-linearly as the MoI decreases, 14 and an increase in swing speed will provide a greater resultant ball speed. However, a decrease in MoI will also result in a reduction in effective swing weight of the bat and hence reduce the energy transfer from the bat to the ball. 11 This competition between these two factors is won by the bat angular momentum due to MoI.
14 An increase in MoI will, therefore, confer a performance advantage and can be increased by increasing the absolute mass of the bat, but also the distribution of the mass.
In this study, the performance in terms of MoI and sweet spot of five different bat designs from different eras spanning from 1905 to 2013, all of which conform to Law 6, was assessed to address the simple question: 'Have the changes in bat design over the years resulted in a performance advantage?'
Materials and methods
The performance of five different bat designs (Figure 1 ) from the same manufacturer was assessed. The bat handles were all of similar design and material with different blade designs. Therefore, the performance differences between the bats will be a function of blade design only. Based on previous studies, 6, 7, [9] [10] [11] 15 MoI and 'freely suspended' vibration analysis tests were conducted, as these physical properties have been directly associated with rebound characteristics of the bats. The coefficient of performance is characterised by the ratio of the ball's rebound speed to incident speed at various points on the blade. 4 
Vibration analysis
Cricket bats were excited with the impulse hammer technique. 7 In this technique, an impulse hammer is used to excite the bat over a range of frequencies. An accelerometer measures the frequency response (integrated circuit piezoelectric (ICP); PCB Piezotronics, NY, USA). The combination of one response location and exciting the structure at several different points representing the whole of the bat's hitting surface ( Figure 2 ) allows all of the structure's modal parameters to be obtained.
A two-channel fast Fourier transform analyser was used to calculate the ratio of acceleration over force and the frequency range was set at 0-1250 Hz. 7 The accelerometer was attached to a position that does not correspond to any of the nodes of vibration at the rear of the blade using a thin wax layer. 7 Each of the cricket bats tested had a series of equally spaced impact points along the blade's hitting surface ( Figure 3 ). During testing, each of the points was impacted three times by the hammer and the average frequency response was quantified using SignalCalc ACE (Dynamic Signal Analyzer) from Data Physics. The coherence function was used as a data quality assessment tool to identify how much of the output signal was related to the measured input signal. 15 The average frequency response was used to determine the natural frequencies of the modes of vibration of the bat excited upon impact. The bat was freely suspended at the two ends of the handle to allow it to be free to vibrate, 7, 15 as the resonance frequencies and mode shapes of the bat under these support conditions best model the handheld response to 'within 7%'. 7 The mode shape coefficients for the first three bending modes were collected and scaled to unit mass. 7 The modal mass can be viewed as the amount of mass participating in each vibration mode. The low-frequency residuals are a direct measure of rigid body mass properties of the bat due to the freely suspended boundary conditions. The scaled mode shapes were used to calculate the energy absorbed at each excitation point on the blade. 7 
MoI
The MoI about two axes was determined and used to indicate the differences in rotation characteristics of the bat designs. By turning the bat into a physical pendulum 11 and using the set-up described by Eftaxiopoulou et al., 15 the MoI about the AA axis of the bat, called the 'MoI pick-up weight' from now on, was calculated as shown in Figure 4(a) . The 'MoI pick-up weight' along with the bat's mass determines the amount of effort required by the batsman to swing and control the bat during the swing.
11
In addition, the 'polar MoI' was defined as described by Brody 11 calculating the resistance to rotation of the bat about the YY axis (Figure 4(b) ). The 'polar MoI' is a measure of the energy imparted at the edges of the bat and directly related to the ability of a miss-hit at the edge to travel further. Table 1 shows a list of all the bats tested along with sample design parameters. As can be seen, the newer bats (manufactured after 2009) are thicker, heavier and have their mass distributed closer to the toe when compared to the earlier designs.
Results
The results related to the first four distinct mode shapes and frequencies for each bat are summarised in Table 2 showing that the first four modes of vibration for all bats occur at similar frequencies with the exception of Bat 1 whose modes of vibration occur at a noticeably lower frequency than those of the other bats.
In order to compare the normalised vibrational energy absorbed per unit impulse at each impact position of all the bats tested, the results for the middle and edge axes have been plotted in Figure 5 . The shape of the energy profile is similar for all the bats tested up to 38 cm from the toe. The highest energy absorbed is at the toe, decreasing as you move along the blade to a minimum, indicating the presence of the sweet spot and then again gradually increasing.
The oldest bat has the smallest 'sweet spot' area compared to the others (Table 3) . Even though Bats 2 and 3 are comparable in weight, Bat 3 has a larger sweet spot area suggesting that the major factor that would affect performance is the blade profile and how the weight is distributed. The results suggest that Bat 3 blade's design is better for improving the size of the 'sweet spot' region but has the worst region of minimum energy absorption for shots hit off-centre.
Bat 4 has the largest sweet spot region of all the bats, highlighting the advantages of its design. Although Bats 5 and 3 have similar sweet spot sizes, one key difference is the location of the sweet spot. Bat 5 has its sweet spot located 40 mm closer to the toe than Bat 3, so both bats are expected to behave differently when trying to locate the sweet spot in executing a good shot. Table 4 summarises the 'MoI pick-up weight' and 'polar MoI'. Bat 5 has the highest value followed by Bat 4, while Bats 2 and 3 have similar values. Finally, Bat 1 has the lowest 'MoI pick-up weight'. Bats 4 and 5 also have the highest 'polar MoI' values, with Bat 4 having a marginally higher MoI, meaning it has the highest resistance to twisting. Bat 3 blade's profile is also better in terms of the metrics above than the Bat 2 design. It is conceivable that this profile may still be able to be 'tuned' even more effectively to increase the hitting power of the bat off the edge.
Discussion
In this study, the performance of five bat designs from different eras was assessed. The same company manufactured all bats, at around the same time based on Figure 5 . Normalised vibration energy absorption at each impact position. 80  140  2  1980  120  160  3  2009  165  220  4  2013  215  180  5  2013  160  180 The sweet spot region here is defined as region of minimum energy absorption taken to be less than 0.2 J. their in-house designs. The assumptions made in this study are that the materials used and the manufacturing processes were equivalent. Based on these assumptions, performance was assessed conducting MoI and 'freely suspended' vibration analysis tests. Bats manufactured after 2009 are heavier and have their mass distributed closer to the toe, compared to the earlier designs. Vibrational analysis showed that Bat 4 has the largest 'sweet spot' region of all the bats and also has the largest region of minimum energy absorption for ball impacts away from the centre, further highlighting the advantages of its design. Bat 5 is the heaviest of all the bats tested, yet results show that increasing bat weight is not sufficient on its own to increase the sweet spot region. The blade profile plays an important role, and so the optimisation of the blade can have a large effect even without increasing bat weight. Distribution of the weight along the edges in the scooped design (Bat 4) results in the largest sweet spot region of all the bats. The authors note that four of the five bats exceed the permissible width of 108 mm by a maximum of 1.4 mm.
Bats 5 and 3 have similar sweet spot sizes; however, hitting closer to the toe is more effective with Bat 5 than with Bat 3. Again, this might be due to the change in blade cross section and thickness that occurs as you move away from the sweet spot towards the handle in the Bat 5 design. This is a subtle point, but clearly shows that not only do the bats perform differently, but they will also require a slightly different technique to optimise their performance.
The 'pick-up weight' and 'polar MoI' were also calculated in this work. The newest bats (Bats 4 and 5) have greater MoI than the older designs. The 'pick-up weight' MoI depends on the bat's mass, so a heavier bat means that the MoI will be higher. However, another mechanism for achieving this is to increase the proportion of the weight further away from the axis of rotation, that is, to distribute more mass near the toe. Further research is needed to determine how the batsman perceives the increase in MoI, but it has been suggested that the greater MoI imparts greater energy to the ball for the same angular velocity and thus will strike the ball further. 12 In the case of the 'polar MoI', a larger value would suggest greater torsional stability which can reduce twisting of the bat during ball impact off-centre and thus impart more energy to the ball when hit off-centre ('edge').
There are other areas of bat performance that could have been measured directly, for example, bat bending stiffness, hardness and CoR. 5, 9, 12, 15 However, in this study, MoI and vibration analysis were used as surrogates for cricket bat performance as justified in section 'Introduction'. The study was devised to ensure that the bat design only was assessed; therefore, it was necessary to ensure that all bats had the same usage. It would have been impossible to obtain historical bats from across the years for which the usage and provenance were confirmed. Therefore, the bats used in this study were manufactured specifically for the study and had the same usage. A strong limitation of the study is that the manufacturer provided only single bats for each time point and did not provide bats covering the period 1906-1979.
These results above provide evidence that the balance between bat and ball in cricket can be affected by bat design. However, this overall balance is a combination of many other factors, including the pitch and the ball, and therefore, a cautious response to these results is recommended as changes in other cricket technologies including protective equipment and training advances may negate these advantages achieved through bat design.
Conclusion and recommendations
Bat design can have an effect on performance. The newer bats confer a performance advantage in terms of the feel to the batsman, which will result in less energy absorption by the bat and by the batsman, and thus a greater proportion of the energy will be imparted to the ball. This advantage is shown by the greater 'sweet spot' of the newer bats. Of note is the fact that Bat 4 (the scooped bat) has the largest 'sweet spot', yet it is not the heaviest bat. 'Pick-up weight' MoI has also increased dramatically over the years. This is a function of not only absolute weight but also geometry and balance. The results show that even if the bats were made of equal weight, the newer bats will be harder to 'pick up', but will impart greater energy to the ball due to the greater MoI resulting in higher potential energy when the bat is raised, thus conferring a performance advantage. This is only theoretically true for strokes in which the bat is brought down, such as for a straight drive. For strokes in which the bat is swung horizontally, such as a cut or a hook, the increased MoI results in slower swing speed. Finally, the 'polar MoI' has shown that the greater torsional stiffness of the newer bats will likely confer an advantage in the 'miss-hit' or a shot off the edge of the bat.
If bat regulations were to be developed beyond the current Laws, then two approaches can be taken. The first approach would be to constrain bat performance using parameters such as presented here. This approach would allow bat manufacturers to utilise new materials and manufacturing techniques. The second approach, and the one followed by the lawmakers, is one in which the bat physical parameters (size, shape and materials) are constrained. The latter can be further enhanced by the addition of a constraint on the bat profile and mass to limit the polar MoI and pick-up weight MoI.
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